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Martin and McGee: Viscosity of Silicate Melts

Viscosity of Silicate Melts
DAVID M. MARTIN and THOMAS D. McGEE 1
Abstract. In 1949, Poole developed an empirical relationship which expressed the logarithm of viscosity of silicate
melts as a function of the hyperbolic sine of the reciprocal
absolute temperature, e.g.,
log. vise. = Sinh

~

Poole showed the validity of this relationship for normal
soda-lime glasses. This paper extends the relationship to variations in composition making possible the prediction of vis-cosity as a function of temperature for a wide range of three
and four component glass systems. Graphs are presented· to
facilitate calculations.
The relation has been veri£ed by comparison with published data. The structural and theoretical implications of this
relationship are compared with present theory.

The viscosity-temperature relationship for many liquids, including the silicate glasses is not adequately expressed by the
Arrhenius type equation which is generally applied ( 1). If the
Arrhenius equation,
. = A exp. T
B
v1sc

(1)

where A and Bare constants were obeyed, a plot of the logarithm
of viscosity versus the reciprocal temperature would yield a
straight line. Figure 1, such a plot, shows that the viscositytemperature relationship of a silicate glass is not accurately
described by the Arrhenius treatment.
A general equation which would express the dependenee of
viscosity on temperature would be of great value to both industry and science in pl.'ediction of viscosities at specific temperatures. Similarly, it would be of great value to have the ability to
predict viscosity not only as a function of temperahue, but also
as a function of composition. Numerous empirical and theoretical
relationships have been advanced in an attempt to accomplish
these ends. Unfortunately these equations have been either inadequate or too unwieldy to have gained wide acceptance.
In 1949, Poole ( 2) published an empirical equation whic~
related the logarithm of viscosity of normal silicate melts to the
hyperbolic sine of the l.'eciprocal temperature.
log vise.

= Sinh ~

( 2)

where M is a constant. This relationship proved to be valid
within 5% over a wide range of temperature and composition for
1 Ceran1ic Engineering Deparbnent, Iowa Stite University.
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Figure 1. Plot of log Vise. versus 1 for a soda-lime-silica glass.
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glasses in the silica system. Poole developed graph paper and a
slide rule to facilitate rapid calculation and plotting of viscosity
data for industrial control purposes. From Figure 2 the value
of the relationship for handling data is apparent, as it is seen that
the curve passes through the origin, so that only one viscosity
temperature point need be determined to describe the relationship over a wide temperature range. At least two points
should be determined for practical reasons to serve as ·mutual
checks on the accuracy of the determination. The accuracy of
the mlationship is such that viscosimetry and pyrometry equipment have been calibrated with standard glass samples of knovvn
viscosity characteristics.
According to Poole, this relationship holds only for pure silicate
glass systems, e.g., systems in which silica ~s the only glass network former, eliminating borosilicates, aluminosilicates, borates,
phosphates, and other less common glass formers. ·Poole attributes the success of this relationship only to the smoothing
out effect of the hyperbolic sine plot for glasses in the normal
silicate composition region.
The Variation of Viscosity with Composition
Having accepted the validity of Poole's equation, the authors
have attempted to determine the change in the constant, M,
with respect to changes in the composition of the glass. It is
https://scholarworks.uni.edu/pias/vol70/iss1/31
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Figure 2. Plot of log vise. versus 1 on hyperbolic sine graph paper for a normal silicate

Tu

glass. (After Poole).

k

apparent that if the relationship is valid within the range of the
normal silicate glasses, the constant is dependent only on composition and further that a value of the constant at one temperahire
is valid over the entire temperature range.
Viscosiy data ( 3) was first c'Ompiled for the system N a2 0-Si0~.
Considerable deviation in published viscosity data for this system
exists, and a compromise was made with data after Endell and
English. The dependence of the constant on N a 2 0 concentration
was then determined and expressed graphically (Figure 3).
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Figure 3. Plot of the constant in the hyperbolic sine function versus silica content in a
sodium silicate melt.
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Figura 4. Plot of the change in constant due to replacement of Na•O by other
oxides on a weight precent basis.
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The change in the constant with the replacement of Na 2 0 by
Al20a, CaO, and MgO was determined from published viscosity
data (after English) and expressed graphically (Figure 4).
It is necessarily assumed that the change in the constant due
to the addition of a given amount of another oxide is of the same
magnitude for a silica concentration of from 60 to 80%. This
assumption has been shown to be reasonable by comparison of
calculated viscosities with published data.
Although values of the constants for three component glasses
are additive, introduction of a fourth component causes more
complex changes. Addition of MgO or Al 203 to a Na 2 0-Ca0-Si0 2
glass causes an initial decrease, then an increase in the viscosity
at a specific temperature. The constant shows a similar dependence on the content of Ab03 and MgO (Figures 5 and 6). It is
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Figure 5. Percentage of the constant from CaO +RO, R•O• to be used in calculation
versus percentage MgO in CaO + MgO.

assumed that the percentage change in the CaO constant due to
replacement of CaO by MgO or Al 20 3 is independent of the total
amount of oxide modifiers present. While this assumption may
be open to question, the error introduced by it decreases with
decreasing modifying oxide content and no significant error is
p11esent in comparison of calculations with published data. Essentially what has been done in relating viscosity to composition
is that the change in the constant has been determined for the
addition of soda to silica, for the replacement of Na20 by CaO,
and for the replacement of CaO by MgO or AbOs.

Sample Calculation
Given a glass of composition
20.96 Na2 0 · 9.05 CaO
· 0.18 AbOs ·
Published by UNI ScholarWorks, 1963
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Figure 6. Percentage of the constant from CaO
RO,R2Q3 to be used in calculation
versus percentage A1'0o in CaO
AhOo.

+

and desiring to know the viscosity of this glass at 900° C, one
may proceed as follows:
l. Obtain the constant for the basic glass from Figure 3,
percent silica versus constant.
2. Obtain the change in the constant due to oxide addition from Figure 4, %oxide versus D M
3. Determine the weight percentage of MgO with respect
to the total of MgO
Cao or the total of Ab03
CaO,
as the case may be, and from Figures 5 or 6 obtain
the percentage of ,0.M obtained in step two.
4. The sum of the results found in steps 1 ancl 3 is the conlVI
stant, M in the relationship log n = Sinh
which may

+

+

-r

then be solved for any temperature, T, or viscosity, n.
Proceeding as outlined above for the glass composition given,
l. !vi (from % silica curve) = 2400
2. D M (from percent oxide curve) = 190
x lOO = ~ = 2%
Cao + Al20s
9.22
percentage of step 2 to be used (from curve 4) is 93%
.93x190=176.
4. 2400
176
2576.
5. Solving for log n at 900° C where log n = Sinh 25; 6

3. A.120a

+

=

log n = Sinh

~~;~ = Sinh 2.19

From published tables Sinh 2.19 = 4.41 = log n

https://scholarworks.uni.edu/pias/vol70/iss1/31
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From published data log n = 4.3.
The calculated value is within 2.5% of the published value for
log n which is acceptable considering that the deviation between published viscosity data is often greater.
The graphs presented may be used to advantage in prediction
of viscosity from composition and for prediction for viscosity
change with a change in composition. It would seem that more
work in this area is in order, as the results of such a study might
well be of value to both the industry and the science.
DISCUSSION

One of the most widely accepted theoretical treatments of
viscosity is the reaction-rate treatment of Eyring et al. ( 4).
n=

Nh

V

exp.

-

R

S"'

exp.

H"'
RT

(3)

where
N, h, and Rare constants
V is molar volume
S"' is the "entropy of activation"
ff1' is the "enthalpy of activation"
The reaction rate approach yields a result very similar to that
of the Arrhenius treatment in that the first two terms are essentially constant and variation of the term which is exponential
with temperature overshadows the influence of variation in the
preceding terms. The reaction rate treatment of viscosity as a
function of temperature is in general applicable to the normal,
or unassociated liquids, such as benzene. The discrepency which
exists between experimental and theoretical treatment of the
associated liquids has been attributed largely to changes in the
activation energy with changing degree of association of those
liquids. According to the equation, changes in the molar volume
of liquids have an effect on viscosity. The molar volume changes
by about 14% over a 1000° C temperature range for Si02 ( 1).
Emphical relationships attempting to express activation energy
as a function of temperature have been advanced and have met
with limited degrees of success. No widely accepted relationship exists for associated liquids which relates the activation
energy for viscous flow to temperature.
Applying the hyperbolic sine relationship to the reaction rate
theory, which may be expressed as
.
V isc.

Nh
= --y-exp.

F"'
RT

(4)

where F"' is the free energy of activation, including both the
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enthalpy aiid entropy terms, we :find that for the silicates studied,
substituting from Equation 2:
(5)
F"' =RT Sinh ~
or, that
. = ---y-exp.
Nh
s·mh TM
v1sc.

(6)

This relationship has some interesting properties due to the
hyperbolic sine function. When the argument of hyperbolic sine
is greater than three, the value of the function is exponential
with its argument so that the relationship reduces to
Nh
.
v1sc. = ----y- exp. (

M
exp.T

)·

(7)

There are indications that some liquids, such as liquid boric
oxide, obey such a law. The hyperbolic sine is linear with the
argument for a value of the argument less than unity, so that
the relationship reduces to
.
Nh
M
VlSC. =-vexp.y·
(8)
This is seen to be essentially the same as the equation for reaction rate theory. The above considerations of the properties of
the function would seem to indicate that the viscosity-temperature relationships of a great number of liquids might be conveniently expressed with the hyperbolic sine function.
The viscosity-temperature relationship for a long chain polymer has been plotted (Figure 7) and seems to obey the hyperbolic sine equation quite well. The fact that some polymers obey
the same viscosity-temperature relationship as do the silicate
glasses implies a similarity between the structures of the systems.
The explicit implication is that the liquid structure of the silicates
may well be characterized by long chains and rings as are the
polymers.
It may well be the case that the success of the hyperbolic sine
relationship is due only to its ability to describe various curve
types, although the possibility of theoretical sign:ficance should
not be overlooked. The authors have thus far had little success
in attempts to justify this relationship on a theoretical basis. The
relaionship is widely applicable and theoretical justification nee:-1
not be the controlling factor in determining its use on a practical
basis. A firm theoretical basis for the equation would, of course,
increase the popular acceptance of this relationship even without
extension of its range of application. Further work needs to be
done on both a theoretical and practical basis to test the limits of
the hyperbolic sine relationship.
https://scholarworks.uni.edu/pias/vol70/iss1/31
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Analysis of Fe20s, Ti02 and CPOs in
Mullite by X-Ray Fluorescence 1
M.

0.

MARLOWE AND THOMAS

D.

McGEE

Abstract. The basic theory and methods of X-ray fluorescence are briefly discussed. Pure synthetic mullite was made
by mixing aluminum and silicon chlorides in non-aqueous
solvent, coprecipitating as hydroxides, calcining to remove
solvents and firing to 1600°C. Additions of Fe 2 0 3 , Ti02 and
Cr 2 0 3 to the high purity mnllite were used to produce standard calibration curves for use in the analysis of unknowns.
Experimental techniques are described and standard curves
are presented. The method is rapid and results are comparable in accuracy to those of wet chemical analysis.
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